INTRODUCTION
Earlier studies dealing with the control of cellular proliferation by epidermal and fibroblast growth factors (FGF)l have shown that cells that proliferate best in tissue culture retain their ability to produce an extracellular matrix (ECM), whereas cells that proliferate poorly or not at all have lost that ability (1) . In particular, corneal endothelial cells, which respond particularly well to FGF when maintained in culture, retain their ability to synthesize and secrete an ECM found underneath but not on top of the cells (2) . The appearance of this ECM has been shown to correlate with the acquisition by cultured corneal endothelial cells oftheir normal "in vivo" morphology, cell surface polarity, and function (3) . The ECM produced by cells can promote the proliferation as well as stabilize the morphogenesis of the epithelia associated with them (4-6); therefore, in the present study, we have analyzed the proliferative behavior of the vascular endothelium when maintained on an ECM produced by comeal endothelial cells. These studies were prompted by a recent observation demonstrating that, although adrenal cortex or granulosa cells depend on FGF when maintained on plastic in order to proliferate, they no longer do so when maintained on dishes coated with an ECM produced by corneal endothelial cells (7) . Because vascular and corneal endothelial cells are even more closely related cell types (3), using, as target cells, bovine and human vascular endothelial cells derived, respectively, from bovine aortic arch and human um-bilical vein, we have investigated whether the ECM produced by corneal endothelial cells could support the growth of vascular endothelial cells.
The rates of proliferation of bovine vascular endothelial cells maintained on plastic vs. an ECM were compared. It was observed that low density vascular endothelial cell cultures, when maintained on plastic, do not respond to plasma and respond only poorly to serum, thereby requiring FGF for active proliferation (8) (9) (10) . The same cell type, when maintained on an ECM, required only plasma or serum and no longer depended on FGF in order to proliferate actively and reach a confluent stage. In the case of human vascular endothelial cells, although maintaining them on an ECM greatly increased their rate of proliferation, FGF was still required for the cultures to become confluent.
METHODS
Materials. FGF was purified as previously described from bovine brains (11) . Purified collagen types I, II, III, and IV (A, B, and C chains) were a gracious gift from Dr. S. Tseng (University of California, San Francisco). Dulbecco's modified Eagle's medium (DMEM, H-16) was obtained from Grand Island Biological Co., Grand Island, N. Y. Calf and fetal calf serum were obtained from Irvine Serum Co. Fibronectin from bovine plasma was prepared as described (2) . Tissue-culture dishes were from Falcon Labware, Div. of Becton, Dickinson & Co., Oxnard, Calif., gentamycin from Schering Corporation, Kenilworth, N. J., and Fungizone from E. R. Squibb & Sons, New York. Calf plasma and serum were prepared as described by Ross et al. (12, 13) . Blood was drawn into plastic syringes containing 3.8% sodium citrate (1 vol citrate:10 vol blood). The blood was then recalcified with 1 M CaCl2 to a final concentration of 14 ,tmol/ml and allowed to clot at room temperature for 2 h. The clotted blood was then centrifuged at 2,000 g for 15 min at 4°C. The serum was decanted from the clots and respun (22,000 g) for 30 min at 4°C. The serum was dialyzed (Spectrapor-1, cutoff 6,000-8,000 mol wt) against Ringer's solution at 4°C for 24 h. The serum was then filtered on a 0.2 A Millipore filter (Millipore Corp., Bedford, Mass.) and stored at -70°C (13) .
Plasma was prepared by drawing the blood into rechilled (4°C) citrated syringes. All subsequent steps other than the recalcification and clotting were carried out at 4°C. The blood was spun (2,000 g for 15 min) and the resulting plasma was pipetted off and respun (22,000 g for 30 min). At this point, the platelet-poor plasma was pooled and 1.0 M CaCl2 was added to a final concentration of 20 ,umol/ml. After a 2-h incubation at 37°C, the plasma was then spun (22,000 g for 30 min) to remove the fibrin clot and the supernate was dialyzed against Ringer's solution at 4°C for 24 h. After dialysis, the plasma was respun (22,000 g for 30 min). The supernate was then filtered on a 0.2-,um Millipore filter and frozen at -70°C (13) .
CM Sephadex chromatography of serum and plasma. 250 ml of serum or plasma prepared as described above were passed over a CM Sephadex C-50 column (total volume 300 ml) equilibrated with 0.05 M Na phosphates, pH 7.0. When the optical density of the eluant reached a plateau, collection was started. The first and last 30 ml of the eluant were discarded. This chromatographic step has been described by Ross et al. (13) as further lowering the mitogenic activity of plasma by removing traces of platelet-derived growth factor(s).
Cell culture conditionis. Cultures of bovine corneal endothelial cells were established from steer eyes as already described (14, 15) . Stock cultures were maintained on tissue culture dishes in DMEM, H-16 supplemented with 10% fetal calf serum, 5% calf serum, 50 ,ug/ml gentamycin, and 2.5 jig/ml Fungizone. FGF (100 ng/ml) was added every other day until the cells were nearly confluent. Cultures of bovine vascular endothelial cells were established from adult aortic arch as already described (8) (9) (10) . Stock cultures were maintained in the presence of DMEM, H-16 supplemented with 10% calf serum, 50 ,g/ml gentamycin, 2.5 ,ug/ml Fungizone, and( FGF (100 ng/ml) added every other day. Cultures of human umbilical endothelial cells were established from human umbilical cord as already described (16, 17) . Stock cultures were maintained in the presence of Hepes buffered medium 199 supplemented with 10% calf serum, 50 ,ug/ml gentamycin, 2.5 ,ug/ml Fungizone, and FGF (500 ng or 1 ,ug/ml added every other day). Bovine and human vascular endothelial cells were passaged every 7 and 12 d, respectively, at a split ratio of 1:64. Cultures of bovine vascular smooth muscle cells were established from the vascular media of bovine aortic archl (11) . Stock cultuires were maintained in the presence of DMEM, H-16 suipplemented with 10% calf serumil, 50 ug/ml gentamycin, and 2.5 gg/ml Fungizone. FGF (100 ng/ml) was added every other day until cultures became confluent. Stock cultures were passaged weekly at a split ratio of 1:64.
Preparationi of plates coated with ECM, different types of collagen, or fibrontectin. Corneal endothelial cells were plated at an initial density of 104 cells/35-mm dish and maintained in the presence of DMEM, H-16 supplemented with 10% fetal calf serum, 5% calf serum, 5% dextran T- 40, 50 ,ug/ml gentamycin, and 2.5 ,ug/ml Fungizone. FGF (100 ng/ml) was added every other day (7, 15) . Once the plates became confluent (ordinarily within 6 d) and signs of basement mnembrane formation could be observed by phase-constant microscopy, the cultures were washed with phosphate-buffered saline (PBS) and then exposed for 30 min to PBS containing 0.5% Triton X-100 (vol/vol). Once the nuclei and the basement membranes became clearly visible, the cultures were washed three times with PBS. After these washings, only a few cytoskeletons and nuclei could be observed associated with an intact ECM. Examination of the plates by scanning electron microscopy (7) has conclusively shown that the entire surface of the plates was covered by a thick layer of amorphous material. The composition of the ECM has been anialyzed, by radioiodination with 131I-Na using the lactoperoxydase glucose oxydase method followed by slab gel electrophoresis and autoradiography (2, 3) . Fibronectin and collagen were among the main components present (2, 3) . Serum proteins that could have been adsorbed on the ECM were not detected (2) . The composition of the ECM has also been analyzed by indirect immunofluorescence using purified antibodies against fibronectin and collagen types, I, III, and IV. Fibronectin and collagen types III and IV were the main components that fluoresced markedly (2, 18) . To check for the possible adsorption of FGF to the ECM produced by corneal endothelial cell cultures, '25I-FGF (105 cpm/ml) was added every other day together with 100 ng/ml of unlabeled FGF. ECM, prepared as described above, was then solubilized with 1 ml of 0.5 N NaOH and counted in a Beckman a-scintillation counter, Beckman Instruments, Inc., Fullerton, Calif. Less than 100 cpm was found to be associated with the ECM. This represents an adsorption to the ECM that is <0.1% of the FGF concentration to which cells were exposed. Therefore, at most, 0.1 ng of FGF is adsorbed to the ECM coating the dishes. This concentration is well below that required to induce maximal cell proliferation, and the permissive effect of the ECM on cell proliferation cannot be explained by the adsorption of 1352 D. Gospodarowicz (20) . Dishes were then sterilized by exposure to ultraviolet light (20) . To coat dishes with fibronectin, 2 10-12- fold that of cultures maintained on plastic alone. Cultures maintained on plastic and exposed to FGF had a growth rate similar to that of cultures maintained on ECM, regardless of whether or not they were exposed to FGF (Fig. 1A) . Addition of FGF to cultures maintained on an ECM did not decrease their mean doubling time, which was already at a minimum (18-20 h), nor did it result in a higher final cell density, which was already at a maximum (700-1,000 cells/mm2). When the morphology of confluent cultures of bovine vascular endothelial cells maintained on plastic aind exposed to FGF was compared with that of confluent cultures maintained on ECM, it was found to be similar ( Fig. IC and D) .
In contrast to bovine vascular endothelial cells, human umbilical vein endothelial cell cultures did not proliferate when seeded at low cell density on tissue culture dishes (Fig. 1B) . As previously reported (10, 17) , addition of FGF to the cultures induced the cells to divide actively and, within 11 d, a 15-fold increase in cell numbers was observed. When cells were seeded on ECM instead of on plastic, a six-fold increase in cell number was observed over the same period oftime. In contrast, with bovine endothelial cell cultures, FGF was still required if cultures maintained on ECM were to reach confluence (Fig. 1B) . Addition of FGF to cultures maintained on ECM induced an optimal growth rate, and the cultures became confluent within 11 d. The final cell density of the confluent cultures was 20-fold higher than that of cultures maintained on plastic and not exposed to FGF. When the morphological appearance of confluent cultures maintained on plastic (Fig. IE) vs. ECM (Fig. 1F ) and exposed in both cases to FGF was compared, the cultures maintained on ECM were composed of cells more closely apposed and tightly packed than those maintained on plastic.
Serum requirement for the proliferation of bovine vascular endothelial cells mainitained on plastic vs. ECM. As shown in Fig. 2 , the rate of proliferation of bovine vascular endothelial cells maintained on plastic and exposed to FGF (Fig. 2B ), or maintained on anl ECM and not exposed to FGF ( Fig. 2A) , was a strict ftunction of the serum concentration to which the cultures were exposed. Although cells maintained on an ECM and exposed to serum concentration as low as 1% proliferated actively even in the absence of FGF ( Fig. 2A) , cells maintained on plastic, when exposed to a serum concentration as high as 10%, proliferated poorly ( Fig.   2B ). In contrast, if FGF was added to such cultures, then active proliferation resumed and its rate was a direct function of the serum concentration to which cultures were exposed. (Fig. 2B) .
Therefore, it can be concluded that when the proliferation of bovine vascular endothelial cells maintained on plastic vs. an ECM is compared, low density cell cultures maintained on plastic and plated at low density proliferate poorly. Therefore, FGF is needed for the cultures to become confluent within a few days. In contrast, when the cultures are maintained on ECM, they proliferate actively and no longer require FGF in order to become confluent. In both cases (either maintained on plastic and exposed to FGF or maintainied on an ECM), the rate ofproliferationi was a direct function of the serum concentration to which cultures were exposed. Because cells still required serum in order to proliferate, it is likely that the effect of the ECM is more a permissive than a direct mitogenic one. (A, A) or not (0, *) with an ECM. Cultures were maintained in the presence of DMEM supplemented with 10% calf serum, with (A, 0) or without (A, 0) FGF (100 ng/ml) being added every other day. The morphological appearance of bovine vascular endothelial cells maintained on plastic and grown in the presence of FGF, or maintained on an ECM and grown in the absence of FGF, is shown in C and D, respectively. The morphological appearance of human umbilical vein endothelial cells maintained on plastic or on an ECM and grown in both cases in the presence of FGF is shown in E and F, respectively. Pictures were taken once the culture reached confluence (phase contrast, x 100).
Extracellular Matrix and
medium, when plated at clonal density they can no longer do so. Therefore, factors or nutrients required for cell survival and proliferation may be more readily apparent when cells are maintained at low rather than high density. In particular, requirements for a proper substrate could become apparent. Although cells maintained at high density could readily make a basement membrane, thereby facilitating further proliferation, at clonal density, even if every cell were to produce a basement membrane, it would be extremely difficult for them to cover the whole dish in a reasonable period of time. We (Fig. 4) , when cells were plated at low cell density on plastic, the plating efficiency was extremely poor or cells died rapidly because no clones were visible after 10 d. If FGF was present in the medium, 25% of the cells gave rise to individual clones. In contrast, when cells were plated at low density on an ECM, not only was a 90% plating efficiency observed at all cell densities (from 0.012 to 1.2 cells/mm2) but, in addition, all cells gave rise to clones even in the absence of FGF. This demonstrates that the substrate upon which cells rest, even at clonal density, is crucial to insure both their survival and proliferation in response to serum factors.
The proliferative response to plasma vs. serum of DAYS tained on plastic or ECM with both plasma and serumn. As shown in Fig. 5A , bovine vasctular endothelial cells maintained on plastic and exposed to plasma hardly proliferate, undergoing only one doubling in 10 d. In contrast, when FGF was added to the cultuires, the cells rapidly divided. After 10 d there was a 30-fold increase in cell number (Fig. 5A ). The final cell (lensity ofcultures maintained on plastic and exposed to plasma and FGF was higher than that of culttures m-aintained on plastic and exposed to serum alone (Fig. 5B ). This demonstrates that the addition of FGF to the meditumn of cells maintained on plastic can more than compensate for the difference between plasma and serulm. Ctultures maintained on plastic and exposed to serum ( H-16 supplemented with 50 ,g/ml gentamycin, 2 ,ug/ml Fungizone, and with either 10% bovine plasma (A) or 10% bovine serum (B) added. Cultures were exposed (0, P + F) or not (-, A) to FGF (100 ng/ml, added every other day).
cultures exposed to serum alone and by 30-fold over that observed with cells maintained in the presence of plasma alone. In contrast, when cells were maintained on an ECM, they proliferated equally well, regardless of whether they were exposed to plasma (Fig. 5A) or serum (Fig. 5B) Fig. 6 ). In fact, adsorption of plasma or serum on CM Sephadex slightly improved the rate of growth of these cells. Fig. 7 compares the morphological appearance of bovine vascular endothelial cell cultures maintained on plastic (Fig. 7A-D) vs. ECM ( Fig. 7E and F) and grown in the presence of serum (Fig. 7A, C , and E) or plasma (Fig. 7B, D, and F) . Although cultures maintained on plastic and exposed to either serum or plasma were composed of large cells that were in some cases binucleated and vacuolated ( Fig. 7A and B) , addition of FGF to the medium resulted in cultures that formed a monolayer composed of small, mononucleated, and closely apposed cells that did not overgrow each other (Fig. 7C and D) . In contrast, cultures maintained on an ECM formed a highly contact-limited cell monolayer, regardless of whether they were exposed to serum (Fig.  7E) or plasma (Fig. 7F) , and no longer required FGF (cf. Fig. 7A and B with Fig. 7E and F) .
The permissive effect of the ECM. To decide whether it was the ECM itself that was mitogenic for cells plated on it, whereas the plasma or serum had a permissive effect, or if the converse was true, i.e., that cells maintained on an ECM become sensitive to plasma or serum factors to which they were prevented from responding when attached to plastic, cultures maintained on plastic vs. an ECM were exposed to increasing concentrations of serum or plasma. The cultures were then counted at the end of their logarithmic growth phase (Fig. 8) . If the ECM has a permissive effect and the proliferation of the cells is dependent on serum or plasma factors, one would expect that the cultures, when exposed to increasing concentrations of serum or plasma, would proliferate at a rate directly proportional to the plasma or serum concentration to which they are exposed. If the ECM itself is mitogenic, one would then expect little difference in the rates of proliferation of cultures exposed to different concentrations of serum or plasma. As shown in Fig. 8 , the rate ofproliferation ofcultures maintained on an ECM was a direct function of the serum concentration to which the cells were exposed. It is thereby demonstrated that the effect ofthe ECM is a permissive one and, as such, makes cells sensitive to plasma factor(s). Furthermore, because the growth rate of cells maintained on ECM and exposed to increasing concentrations of serum or plasma is roughly similar, it is likely that the cells responded to the same factor(s) in both cases.
Effect of the ECM on the culture lifetime of bovine vascular endothelial cells. Vascular endothelial cells maintained in tissue culture on plastic and in the absence of FGF have a finite life-span that does not exceed 50 generations, even when cultures are passaged at a high cell density (23, 24) . This life-span can be considerably shortened when cultures are passaged at low cell density (23, 24) . Previous results have shown that addition of FGF to cultures passaged at low cell density on plastic considerably increases the lifetime of the cultures (8-10, 17, 24) . Because cultures maintained on ECM no longer require FGF in order to proliferate actively, we have also investigated its effect on the lifetime of vascular endothelial cells. Cultures that had been maintained on plastic in the presence of FGF for 50 Cultures were plated and maintained as described in Fig. 5 and exposed (C, D) or not (A, B, E, F) to FGF. Pictures were taken on day 6 (phase contrast, x 100).
to the media (24) were maintained in the absence of FGF on dishes coated with an ECM (Fig. 9) . When maintained on such a substrate, the cells proliferated actively and could be passaged weekly at a split ratio of 1:95. 50 generations later, the cultures still proliferated actively, although with a longer average doubling time (Fig. 9) . Therefore, it is demonstrated that cells maintained on ECM have a much longer life-span in culture than do cells maintained on plastic alone. DISCUSSION A number of laboratories (23) (24) (25) (26) (27) (28) are now routinely maintaining human or bovine vascular endothelial cells in culture. The only limitations are that the cultures have a short life-span (20-40 generations) and must be passaged at a low split ratio (up to 1:10). These limitations could either be inherent in this cell type or could reflect the tissue culture conditions under which the cells are maintained. Particularly important in this regard is the substrate upon which the cells are maintained.
In vivo, cells rest on an ECM. It is on this natural substrate that cells will migrate, proliferate, and differentiate. This substrate is composed in large part of different types of collagen (29) , glycosaminoglycans, proteoglycan (30) , and glycoproteins, among which is fibronectin, which has been shown to be a ubiquitous component of various types of ECM (31) . Early studies done by Dodson (32) and Wessels (33) demonstrated a requirement on the part of the basal cell layer of the epidermis for a proper substrate in order for the cells to proliferate. Likewise, Cohen (34) has shown that the basal cell layer of the epidermis must be in close contact with the dermis if cells are to respond to epidermal growth factor. Investigation of the role of extracellular materials at the epithelial-mesodermal interface has shown that collagens and mucopolysaccharides present as major molecular species at the junction of interacting tissues could be implicated in epithelial morphogenesis (35, 36) .
After the pioneering studies of Ehrmann and Gey (37) , numerous studies have shown that collagen, one of the main components of ECM, is important in promoting cell attachment (20, 38, 39) , migration (40) , proliferation (39, (41) (42) (43) , and differentiation (43) (44) (45) (46) (47) . Fibronectin, another component of the ECM, has also been reported to promote cell attachment (48, 49) as well as cell proliferation (21) .
However, the effect of the ECM on the proliferation of cells maintained in culture has not been studied. This is mostly because, with the exception of lens capsule, it is difficult in vivo to isolate such material from neighboring tissues. In vitro, the reconstitution of an ECM from its separate elements (collagens, proteoglycans, glycosaminoglycans, and glycoproteins) may be equally difficult because, not only must the correct ratio of these components be respected, but they must also be linked in such a way that the resulting tridimensional structure will be like that of the extracellular scaffolding in vivo. The problem in reconstituting an ECM in vitro is made even more difficult by the fact that collagen types IV and V, which are the 1360 D. Gospodarowicz and C. Ill added to the dishes. FGF (100 ng/ml) was adde( day to some of the dishes. After 6 d the cl trypsinized and counted. Cultures maintained o exposed to plasma (-, P plasma) or to plasma a P + F plasma); cultures maintained on plastic an serum (A, P serum) or to serum and FGF (A, P cultures maintained on an ECM and exposed to pl plasma) or to serum (0, EM serum). main collagen components of basement ml vivo, can only be extracted from tissue after This could result in structural alterations a their proper polymerization in vitro.
In contrast to-most cell types, corneal cells maintained in tissue culture retain t to synthesize and secrete an ECM found but not on top ofthe cells. This ECM, whose has been shown to correlate with the acq cultured corneal endothelial cells of their vivo" morphology, cell surface polarity, ai (9) , could substitute for the ECM producE (50, 53) or human vascular endothelial cells (54) maintained on plastic (52) (53) (54) . Although Schwartz et al. (50) claim to have tested FGF with bovine vascular endothelial cells under our conditions, this was clearly not the case.
Neither the cell density (200 cells/mm2) at which cultures were started nor the medium (Waymouth) or serum (fetal calf serum) were as described by us (8) (9) (10) 17) . Under our conditions, the initial cell density at which cultures are started is 20-fold lower (10 cells/M2), whereas the medium is DMEM, H-16 and the serum is calf serum. It is well known that the cell density at which cultures are started subsequently affects their rates of proliferation. This mostly reflects the ability of cells to rapidly condition their medium at high, but not at low, cell density. The high cell density used by Schwartz et al. (50) , which is one fourth to one fifth that of confluent cultures, although it leaves little room for cells to divide, nevertheless gives them the opportunity to condition their medium rapidly (24, 52) (8) . Likewise, we have also observed that Waymouth medium does not support the growth of vascular endothelial cells when seeded at low density (55) . In fact, similar results were also reported by Schwartz (23) , who first observed that when vascular endothelial cells are maintained in Waymouth medium, they can only be passaged at a low split ratio of 1 to 2 or 1 to 4. Although in their early passage the cultures had an average doubling time of 4 d, as passage number increased, the average doubling time of the cultures increased to 7-8 d (23) . The inability of the cultures to be passaged at a reasonably low cell density, as well as their extremely long doubling time, could directly reflect the inadequacy of the medium to which they were exposed.
In a recent communication (54) , Maciag et al. described the identification of a new growth factor, endothelial cell growth factor, which they isolated from bovine brain tissue. They also reported, in contrast to our previous findings (10, 17) , that neither brain nor pituitary FGF stimulated the proliferation of human umbilical endothelial cells grown on plastic dishes. Although they stated that their purification scheme is similar to the one we described (11) , it in fact differs from our own at a single but quite critical point. Although we showed that brain and pituitary tissue must be extracted at pH 4.5 in the presence of 0.15 M (NH4)2SO4 to extract FGF (11, 55) , Maciag et The demonstration that the substrate upon which vascular endothelial cells rests can greatly affect their survival, proliferative rate, and lifetime in culture could lead to the establishment in culture of vascular endothelial territories that do not adapt readily to in vitro conditions when cells are maintained on plastic. It could also make the study of various metabolic functions of the endothelium in vitro more feasible, because maintaining cells on an ECM is a closer approximation to the in vivo situation than maintaining them on plastic. Finally, cell migration has been shown to be strongly affected by the substrate upon which cells rest (18, 40) . This activity represents an important part both in vivo and in vitro of the regeneration process of the endothelium after trauma. It has been shown by others (50) that there are substantial differences between the regeneration ofthe endothelium in vivo and in vitro when cells are maintained on plastic. Whether such differences would be observed if cells were maintained on an ECM rather than on plastic, remains a question.
